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Abstract 
Solar concentrating technology uses defined reflective surfaces to concentrate beam solar radiation into a receiver 
through a heat transfer fluid in circulation (i.e. thermal synthetic oil, water/steam, air, molten salt, etc.). These fluids 
are heated up by the concentrated solar radiation and the thermal energy collected can be used, among other things, to 
provide thermal energy to industrial processes. Reflective surfaces require a high geometrical precision in order to 
concentrate the solar radiation onto the receiver, minimizing radiation losses around the receivers. Close-range 
photogrammetry has been revealed as a highly efficient and precise technique to evaluate the geometrical assessment 
of solar concentrators. And this task has become essential on the evaluation of the different concentrators used 
nowadays on solar thermal systems. At the Plataforma Solar de Almería, a set of methods and algorithms based on 
close-range photogrammetry has been developed on the last years. These methods allow us to evaluate the 
geometrical quality of solar concentrators. The application of these techniques to different concentrators prototypes, 
permits us to determine their geometrical, optical and energy behavior as well as to detect improvements on their 
design. This paper includes the analysis performed to a small parabolic solar concentrator designed for industrial 
process heat applications. 
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1. Introduction 
Concentrating solar thermal systems are based on concentrating solar radiation onto a radiation 
absorber. The absorber is cooled by circulating a heat transfer fluid inside (usually water/steam, thermal 
oil, molten salt, air, etc.). Typically this heat transfer fluid is moved to a steam generator that is coupled to 
a turbine for producing electricity or to any other processes demanding thermal energy [1]. 
Concentrating solar thermal plants have probably the greatest potential of any single renewable area 
and at this time there is a rapid development occurring both in the basic technology and the market 
strategy [2]. Overall efficiency of such kind of plants is highly influenced by optical quality of 
concentrators, both heliostats and parabolic trough collectors [3]. For that reason, a quality inspection is 
needed when installing these components in solar thermal plants to achieve as high optical efficiency as 
possible.  
The Plataforma Solar de Almería is one of the world’s bigger research centers on concentrating solar 
thermal technologies, and one of our key interests consists on the optical evaluation of concentrators to 
calculate energy efficiencies of prototypes and new designs. In the last years, close range photogrammetry 
has become a helpful tool to perform this optical evaluation, mainly due to the commercial availability of 
high resolution digital cameras and photogrammetry software packages. The high resolutions achieved 
with this inspection method are comparable with high quality theodolites and total stations. In addition to 
the accuracy, photogrammetry is also suitable for solar concentrator assessment because it is a low-cost 
and time-saving technique. 
In the case of solar plants using parabolic trough technology, typical size of concentrators ranges from 
1m by 1m up to 6m by 150m in the biggest ones. To establish that a parabolic trough concentrator has a 
good optical quality, tolerances must be lower than 3 to 5 mm, and close-range photogrammetry is an 
accurate enough technique to measure these surfaces as accuracies lower than 1 mm can be easily 
achieved [4]. 
Section 2 describes the photogrammetric procedure followed to evaluate the reflective surface of a 
parabolic trough concentrator prototype that has been designed at the Plataforma Solar de Almería. 
Section 2 also includes a description of the concentrator itself, and the targets, camera and software 
package used. Section 3 presents calculations performed to determine the optical performance of the 
parabolic trough concentrator. Paper finishes with some conclusions derived from the methods applied 
and the possible uses of photogrammetry on concentrating solar thermal technology. 
2. Methodology 
2.1. Photogrammetric procedure 
As application example, the reflective parabolic surface of a small solar linear concentrator has been 
measured. This parabolic trough concentrator will be used to produce pressurized hot water or saturated 
steam at temperatures up to 200ºC and 20 bar of pressure. Typical applications that require thermal 
energy at this range of temperatures are industrial process heat, solar cooling (especially double effect 
absorption chillers), heat demand at low temperatures and high consumptions (domestic hot water, space 
heating and swimming pool heating), irrigation water pump and desalination. The structure of the 
collector was built on composites materials and the reflectance surface is MIROSAN® 0.5mm thickness 
aluminum foil from Alanod-Solar GMBH. The collector is enclosed with a flat glass cover on the aperture 
plane to prevent both thermal losses and reflectance surface degradation [5]. Main geometrical parameters 
are listed in table 1. 
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Table 1. Main parabolic trough concentrator’s geometrical parameters
Aperture With (mm) 1000
Total Length (mm) 2000
Focal Length (mm) 200
Acceptance Angle (degrees) 1.85
Rim Angle (degrees) 100.0
Inner Absorber Diameter (mm) 16
Outer Absorber Diameter (mm) 18
Concentration ratio (Geometrical) 19.45
To proceed with the photogrammetric study of the reflective surface we use a target pattern disposed 
on the parabolic surface. This pattern is directly printed in an adhesive white vinyl paper. For present
study, selected targets are 1 cm diameter black circles disposed in rows and separated among them 2 cm.
A total of 2800 target are disposed in a 40 by 70 matrix. Figure 1 shows the target pattern after 
disposing it in the parabolic reflective surface of the solar concentrator.
Two 2 cm diameter auto-reflective targets disposed in a carbon fiber bar (figure 1) have been employed
to spatial calibrate the images. Distance between these auto reflective target centers (1400.29±0.02 mm)
has been accurately measured.
Fig. 1. Target pattern used for the photogrammetric study placed in the reflective surface of the parabolic concentrator. Spatial 
calibration bar is also shown in the right side of the concentrator
This target pattern is photographed from 8 different angles covering 360 degrees around the
concentrator and positioning the camera in horizontal and vertical orientations to minimize camera optical
error. A total of 16 photographs have been taken. The camera used is a 22 Mpixel CANON
EOS5DMarkII digital camera. It is completed with an f/20 mm CANON objective. Table 2 shows its main 
characteristics.
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Table 2. Canon EOS 5D-MarkII and f/20mm 2.8 USM lens optical characteristics 
Focal Length (mm) 20.00913 
Format Size (mm2) 36.4976 x 24.3332 
Image Size (pixel) 5616 x 3744 
Pixel size (mm2) 0.006498 x 0.006499 
Principal Points (mm) X  11.0434 
Y    7. 4654 
Lens Distortion K1 =  2.140x10-4 
 K2 = -1.849x10-7 
 P1 = -4.178x10-5 
 P2 = -3.000x10-5 
 
Photographs treatment has been performed with PhotoModeler Scanner 6.1® software package 
supplied by EOS Systems Inc. (2010). The software has an automatic circle target recognition tool that 
enables least square sub–pixel marking to enhance method accuracy [6]. In the same way, package allows 
to perform a full field calibration of the camera instead of precalibrating the camera with a calibration 
sheet. So, calibration is carried out with same photographs employed in the photogrammetry analysis, 
which permits to minimize errors as well as improve the accuracy. 
As a result of the photogrammetric analysis, a 2800 point table spatial coordinates as well as 
coordinates accuracy is obtained. Data are organized in 40 files and 70 cross-section columns. The overall 
point accuracy equals to 0.034 mm which means an accuracy factor of 1:55000 approximately. This point 
table is exported for post-processing calculations using Matlab®. 
2.2. Post-processing calculations 
A program in the software package Matlab® has been developed to proceed with the optical efficiency 
calculation using the point table calculated with the photogrammetry procedure. This program tool 
development allows obtaining several useful parameters for the assessment of optical performance of 
solar concentrator surfaces. The program can model concentrators and receivers defined by different 
geometries and sizes. 
Firstly, photogrammetry data points were re-oriented to fit the following regular coordinate reference 
system: X-axis across the parabolic trough aperture, Y-axis along the parabolic trough length, Z-axis 
along the parabola axis and coordinate system origin in the vertex of the parabola. 
After point’s rotation, data were fitted to a parabola using the least square method in all cross sections.  
Where the parabola is defined by the following equation (1): 
 
Z = X2/4f          (1) 
where f is the focal distance, in this case equal to 200 mm. 
3. Results and discussion 
Results are plotted in figure 2. As can be seen in this figure, actual focal lengths are higher than ideal 
focal length (200.0 mm) near the edges and they decrease in the concentrator middle region. The average 
value of the calculated focal lengths obtained is 199.1±0.8 mm. In the evidence of this result, and in order 
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to increase concentrated solar radiation intercepted, it can be considered the possibility of displacing the 
position of the receiver to the average focal length calculated. 
 
Fig. 2. Calculated focal length in 70 cross sections of the parabolic reflective surface. Average and  ideal focal length are also 
depicted  
The knowledge of Z-coordinate deviations provide information about the magnitude and location of the 
differences of the concentrator surface respect to the ideal parabolic shape, and can be useful to improve 
the manufacturing process. These height deviations were computed through the comparison of measured 
Z-values and design Z-values, obtained supposing constant X-values. Figure 3 shows the color-codded 
plots of Z-coordinate deviations of measured data with photogrammetry (left) and 3-D coordinate 
measuring machine (right) described below. Marked dots represent target points. Only values next to these 
dots are significant because colors among them show interpolated values without measured data. From 
figure 3 (left) it can be drawn that both edges along the trough length are deviated from the ideal surface 
with positive deviations, the vertex of the concentrator is slightly negative-deviated and there is also a 
zone in the top-left corner with negative deviations. These results allow improving the concentrator 
geometry for further prototypes. 
  
Fig. 3. Deviations from the design heights, (left) photogrammetry data; (right) Scan laser data 
 Jesús Fernández-Reche and Loreto Valenzuela /  Energy Procedia  30 ( 2012 )  84 – 90 89
Table 3 represents average and standard deviation values of height deviations for both ideal and 
average focal lengths calculated. As can be seen, standard deviation of Z-coordinate differences is lower 
for the average focal length calculated. 
Table 3. Z coordinate deviations and slope errors results 
 Z-Coordinate deviations (mm) XZ-Plane Slope Errors (mrad) YZ-Plane Slope Errors (mrad) 
 Average Std Deviation Average Std Deviation Average Std Deviation 
Ideal Focal Length 0.12 0.85 0.04 9.5 0.024 5.3 
Average Focal Length -0.30 0.60 0.04 7.6 0.024 5.3 
 
To estimate optical performance of the solar concentrator it is necessary to calculate deviations of the 
surface normal directions away from the ideal normal directions, which are called slope errors. These 
slope errors are calculated using a Sobel filter operator [7]. Table 3 shows average and standard deviation 
values of slope errors in XZ and YZ planes. As it was foreseeable, YZ-plane slope errors are not affected 
by focal length position, and standard deviation of XZ-plane slope error is lower if the average focal 
length calculated is supposed. 
Finally, ray-tracing calculations [3] were employed on slope errors to determine the intercept factor 
(fraction of the reflected sunrays intercepted by the receiver). This evaluation technique takes into account 
that although distance between Sun and the concentrator is very high, Sun is not a point source, but it 
presents a brightness distribution. This solar brightness profile, called sunshape, contains both solar disk 
and the aureole that surround it, called circumsolar brightness. The circumsolar ratio is the ratio of 
brightness energy hosted by the solar aureole compared to the energy contained in disk plus aureole. 
Sunshape profile used on the calculations is named Sunshape3.5 [8] and it corresponds with the 
averaged Sun profile for southern Spain latitudes (between 35º and 45º). It was assumed an incidence 
angle of zero degree. 
Table 4 includes results of an intercept factor study, considering different outer diameter receivers (16, 
18 and 20 mm). It can be noted that intercept factor increases with higher outer diameter receiver. It also 
achieves higher values for average focal length calculated.  
Table 4. Intercept factor results 
Receiver Outer Diameter (mm) 16 18 20 
Ideal Focal Length 95.9% 97.5% 98.5% 
Average Focal Length 97.2% 98.4% 99.0% 
 
Data from table 4 are the integration over the whole collector surface of the individual intercept values 
calculated by ray tracing using the sunshape profile mentioned before for an absorber tube of 16, 18 and 
20 mm diameter. Figure 4 shows color-coded intercept factor mapping along the reflective surface of the 
concentrator.  
As it can be seem on the figure, there are some small areas near the edges of the concentrator where the 
intercept factor differs from 1. At the middle of the collector it is other area with intercept factor 0; this 
area coincides with the shadow of the receiver tube when the incident angle is 0º; for this reason, it is 
normal a zero intercept factor on this surface. 
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Fig. 4. Individual intercept factor calculated for every surface element of the whole reflective collector surface 
 
4. Conclusions 
Close-range Photogrammetry is a suitable tool that supports the design and manufacturing 
improvement as well as quality control in solar concentrating systems. Using an adequate target pattern 
and taking a sufficient number of photographs with a conventional digital camera, it is possible to achieve 
accuracies up to 1:10000 / 1:60000 meaning pattern coordinate errors lower than 0.1 mm. This accuracy is 
high enough for solar concentrator’s quality inspection as well as for determining their optical 
performance, where tolerances from 3 to 5 mm are required. 
The developed assessment method can be transferred to other solar concentrator surfaces 
independently of their size or focal length. 
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